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ABSTRACT 

Micron-size droplets of liquid H2, 02, and H20 re- 

leased in space during normal operations on Apollo lunar mis- 

sions quickly freeze and reach equilibrium where the loss of 

energy from sublimation and emission of radiation just 

equals the absorption of radiation that is incident from 

the earth and the sun. For H2 and O2 the emission of 

radiation is negligible compared to sublimation but for 

H20 it is very important and increases particle lifetimes 

significantly, Typically, at an altitude of 400 miles, where 

the earth is an important infrared source, sunlit particles 

decrease in radius with e-folding times of 15 (H2) , 120 (02), 
and 1200 (H20) secs. In cislunar space these times increase 

roughly by an order of magnitude. The accuracy of the re- 

sults for H2 and 0 2  is limited by experimental uncertainties 

in the imaginary part of the index of refraction for these 

materials. 
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INTRODUCTION 

Water, liquid oxygen and liquid hydrogen are released in 

space during normal operations on Apollo lunar missions. Many 

such releases have been photographed from the ground and pro- 

vide an opportunity to study the behavior of small particles 

of these substances in space [Lundquist 1969, Buffalano 1969, 

Edwards 19621. A photograph taken during the Apollo 8 mission 

is shown in Figure 1. Studies of these particles are important 

for describing the spacecraft environment [Newkirk 1967, Kovar 

1969, Grobman 1969, McPherson 19671 and for understanding the 

physics of interplanetary particles [Delsemme 1969, Franklin 

1965, Kieffer 1968, Plummer 19691 and interstellar grains 

[Gehrels 1967, Wickramasinghe 1967, Krishna Swamy 19691. 

Photo reduction of this kind of data requires a com- 

prehensive model including both the particle motions in space 

and their size histories. This paper deals in detail with the 

second problem, the calculation of the size arld temperature 

histories of water, oxygen and hydrogen droplets in the 0.1-1001~ 

range. This range was chosen because we believe it includes the 

particles to be found in the Apollo releases. 

The important physical processes are particle subli- 

mation and emission and absorption of radiation. Our results 

show that the droplets freeze immediately, then rapidly reach 

temperatures where an energy balance is reached among these 

competing processes. Subsequent temperature changes occur 

as the continuous sublimation reduces the size of the par- 

ticles and thereby reduces the absorption. 



CONSERVATION EQUATIONS 

Let  ES and ER be t h e  r a t e  o f  l o s s  o f  ene rgy  p e r  u n i t  

s u r f a c e  a r e a  of a s o l i d  s p h e r i c a l  p a r t i c l e  o f  r a d i u s  r and 

t e m p e r a t u r e  T  t h r o u g h  s u b l i m a t i o n  and t h r o u g h  e m i s s i o n  of  

r a d i a t i o n ,  r e s p e c t i v e l y .  Le t  EA be t h e  r a t e  of  g a i n  o f  ene rgy  

p e r  u n i t  cross-sectional area through absorption of radiation. 

Let p and C be the density and specific heat and HS be the heat 

of sublimation of the particle. These quantities are, in gen- 

eral, functions of the temperature and radius of the particle. 

The energy balance equation can be written as 

The t i m e  r a t e  of  change of  r a d i u s  i s  g i v e n  by 

E q u a t i o n s  ( 1 )  and ( 2 )  a r e  coup led  f i r s t  o r d e r  d i f f e r e n t i a l  

e q u a t i o n s  whose s o l u t i o n s  g i v e  T ( t )  and r ( t ) .  

SUBLIMATION 

The r a te  a t  which s u b l i m a t i o n  removes energy  from a 

p a r t i c l e  depends d i r e c t l y  upon t h e  r a t e  a t  which molecu les  l e a v e  

the surface. T h i s  rate depends on the temperature of the 

p a r t i c l e  and i s  t h e  same whe the r  t h e  p a r t i c l e  i s  i n  vacuum o r  

i n  e q u i l i b r i u m  w i t h  i t s  own v a p o r .  S i n c e  t h e  m o l e c u l a r  l o s s  

r a t e  can  be  e a s i l y  c a l c u l a t e d  when t h e  p a r t i c l e  i s  i n  e q u i l i b r i u m  



w i t h  i t s  vapor [Dushman 19491, one  o b t a i n s  f o r  t h e  energy  

l o s s  r a t e  i n  vacuum 

where P i s  t h e  e q u i l i b r i u m  vapor  p r e s s u r e ,  m i s  t h e  mass of  

a  molecu le ,  k i s  t h e  Boltzmann c o n s t a n t  and a i s  t h e  accommodation 

c o e f f i c i e n t ,  i . e . ,  t h e  f r a c t i o n  o f  molecules  which impact t h e  

s u r f a c e  and a r e  absorbed from t h e  vapor  phase  by t h e  s o l i d  a t  

e q u i l i b r i u m ,  

The h e a t  o f  s u b l i m a t i o n  a t  a  g i v e n  t e m p e r a t u r e  i s  

r e l a t e d  t o  t h e  vapor  p r e s s u r e  of  t h e  s u b s t a n c e  by t h e  C l a u s i u s -  

Clapeyron e q u a t i o n  LHuang 19633 . 

T h i s  r e l a t i o n  h a s  been used  i n  t h e s e  c a l c u l a t i o n s  f o r  H20 and 

0 2 .  However, t h e  t e m p e r a t u r e s  f o r  H2 w i l l  be  found t o  be  s o  

low t h a t  t h i s  r e l a t i o n s h i p  i s  n o t  v a l i d  [Kelley 19351 and a  

c o n s t a n t  v a l u e  o f  122 cal/gm w i l l  be  used.  Th i s  i s  t h e  

sum of t h e  l a t e n t  h e a t  o f  f u s i o n  and t h e  h e a t  of v a p o r i z a t i o n  

a t  1 4 ' ~ .  

It has  been found e x p e r i m e n t a l l y  t h a t t h e  accommodation 

c o e f f i c i e n t  i s  ve ry  n e a r l y  u n i t y  when a  vapor  i s  i n  e q u i l i b r i u m  

w i t h  a  s o l i d  of  s i m i l a r  m a t e r i a l  IDushman 19491. There fo re  

i n  subsequent  c a l c u l a t i o n s  a h a s  been t a k e n  t o  be one. 



The vapor  p r e s s u r e  f o r  a  l a r g e  p l a n e  s u r f a c e  f o r  

a l l  t h e  s u b s t a n c e s  can be  w r i t t e n  i n  t h e  form 

l o g l o  P (a tm.1  = p  + $ + s l o g l o  T + UT + V T ~  ( 5 )  

The c o e f f i c i e n t s  p  t o  v  a r e  g i v e n  i n  Table  1, f o r  t h e  tem- 

p e r a t u r e  r a n g e s  of i n t e r e s t  [ K e l l e y  19351. It i s  w e l l  known 

t h a t  t h e  vapor  p r e s s u r e  of  small l i q u i d  d r o p l e t s  exceeds  t h e  

vapor  p r e s s u r e  o f  a  p l a n e  s u r f a c e  of  t h e  l i q u i d  [Huang 19631; 

however, t h e  vapor  p r e s s u r e  c o r r e c t i o n  i s  ve ry  s m a l l  f o r  par-  

t i c l e s  l a r g e r  t h a n  0 . 1 ~  and w i l l  s u b s e q u e n t l y  be n e g l e c t e d .  

The d e n s i t i e s  o f  H20, O 2  and H2 a r e  t a k e n  t o  be  
3 

1 . 0 ,  1 . 4  and 0 . 0 8  gms/cm , r e s p e c t i v e l y ,  The s p e c i f i c  h e a t  

of  i c e  i s  t a k e n  as 

and for oxygen as [Kelley 19351 

For  hydrogen,  e x p e r i m e n t a l  v a l u e s  ( O r t t u n g  1962) a r e  approx i -  

mated by 

ABSORPTION OF RADIATION 

The sun and t h e  e a r t h  a r e  t h e  major s o u r c e s  of t h e  

r a d i a t i o n  t h a t  i s  i n c i d e n t  upon t h e  p a r t i c l e .  L e t  F (X)  be 



the total radiation flux incident upon the particle, i.e,, 

the amount of energy incident per unit time per unit cross- 

sectional area per unit wavelength. Also let Q(X) be the 

absorptivity defined as the fraction of the incident energy 

absorbed at the wavelength A .  Then the rate at which energy 

is absorbed by a unit cross sectional area of the particle can 

be written as 

It is assumed that the earth and the sun radiate 

energy as black-bodies, and consequently the flux which is 

incident on the particle depends upon their temperatures. 

F(h) = C B(h, TB) W 

sources 

where B is the Planck's black-body radiation function 

and W is the view factor which depends upon the distance of 

the particle from the source and upon the law of emission 

from its surface. View factors for the earth's black-body 

emission and for the earth's reflected visible sunlight 

are given in Figure 2. In both cases the earth is 

a s s ~ ~ e d  to be a Lambert sphere [Pearse, 19631. Because of its 

great distance, the sun's view factor reduces to (Ro/RAU)2 

where Ro is the radius of the sun and RAU is an astronomical unit. 



The black-body t e m p e r a t u r e  o f  t h e  e a r t h  i s  t a k e n  

a s  2 8 0 ' ~  based upon exper iments  above t h e  atmosphere [ V a l l e y  

1965; Prabhakara  19681 when t h e  s e a s o n a l  and p o l a r  v a r i a t i o n s  

(QJ 4 0 ' ~ )  a r e  n e g l e c t e d .  The cor respond ing  P l a n c k f  s f u n c t i o n  

has  a  peak a t  1 0 . 4 ~ ,  i n  t h e  i n f r a r e d .  The black-body tempera-  

t u r e  o f  t h e  sun i s  t a k e n  a s  5 9 0 0 ' ~  and t h e  P l a n c k t s  f u n c t i o n  

i s  peaked a t  0 . 5 ~ .  I f  t h e  p a r t i c l e  i s  n e a r  t h e  e a r t h ,  r e f l e c t e d  

s u n l i g h t  i s  a l s o  i m p o r t a n t .  T h i r t y  p e r c e n t  o f  t h e  energy  f a l l -  

i n g  on t h e  e a r t h  i s  t a k e n  t o  be r e f l e c t e d  [ V a l l e y  19651. 

The a b s o r p t i v i t y  Q i s  n o t  o n l y  a f u n c t i o n  of 

t h e  wavelength  b u t  a l s o  depends upon t h e  s i z e  o f  t h e  p a r t i c l e .  

D i r e c t  e x p e r i m e n t a l  d a t a  on Q f o r  H 2 0 ,  O2 and H2  f o r  a l l  

wavelengths  of i n t e r e s t  a r e  n o t  a v a i l a b l e  s o  one t u r n s  t o  

Mie t h e o r y  f o r  s p h e r i c a l  p a r t i c l e s  [Van de H u l s t  19571. One 

can e x p r e s s  t h e  a b s o r p t i v i t y  as a  f u n c t i o n  of  t h e  complex i n -  

dex o f  r e f r a c t i o n  n ( ~ )  = n l ( X )  - i n 2 ( i $ )  and x ,  which is d e f i n e d  

a s  2nr/X. The a b s o r p t i v i t i e s  have been n u m e r i c a l l y  c a l c u l a t e d  

f o r  a v a r i e t y  of v a l u e s  of n l  and n2 (Plass 1 9 6 6 ) .  Howeve ,  

a  modi f i ed  a n a l y t i c  f u n c t i o n  due t o  Van de  H u l s t  i s  used t o  

c a l c u l a t e  t h e  a b s o r p t i v i t y  f o r  n l  < 1 . 5 ,  n 2  < 1, and x  > 0 . 5  

where w = 4n2x. For s m a l l  v a l u e s  of  x  ( < 0 , 5 ) ,  t h e  Ray le igh  



l i m i t  a p p l i e s  and t h e  a n a l y t i c  exp re s s ion  [Krishna Swamy 

1 9 6 8 1  

i s  used t o  c a l c u l a t e  t h e  a b s o r p t i v i t y  d i r e c t l y .  

For H 2 0  t h e  complex index of r e f r a c t i o n  i s  expe r i -  

menta l ly  a v a i l a b l e  f o r  t h e  wavelength r eg ion  of i n t e r e s t  

[Greenberg 1968, I r v i n e  19681. A cons t an t  n l  = 1 .33  i s  chosen 

f o r  a l l  wavelengths and n2 i s  shown i n  Table 2 .  S e l e c t i o n  

of mean va lues  i n  t h e  v i s i b l e  and i n f r a r e d  i s  r ea sonab le  

s i n c e  t h e  black-body f u n c t i o n s  f o r  t h e  sun and t h e  e a r t h  

have peaks i n  t h e s e  wavelength r e g i o n s .  For d i r t y  i c e ,  n, 

i n  t h e  i n f r a r e d  i s  t aken  a s  0.35 and i n  t h e  v i s i b l e  a s  

One of t h e  b igges t  u n c e r t a i n t i e s  i n  t h i s  t r ea tmen t  a r i s e s  

due t o  l a c k  of exper imenta l  knowledge of n(X) f o r  H 2  and 0 2 .  

L a t t i c e  v i b r a t i o n s  from t h e  s o l i d s  could y i e l d  c h a r a c t e r -  

i s t i c  s p e c t r a  i n  t h e  i n f r a r e d  but  such s p e c t r a l  d a t a  a r e  not  

a v a i l a b l e .  For l i q u i d  para-H2, measurements of t h e  d i e l e c t r i c  

c o n s t a n t ,  as a  f u n c t i o n  of t h e  d e n s i t y  of t h e  l i q u i d ,  y i e l d  
3 

1.01 < n l  < 1.15 f o r  0 . 0 1  < P < 0 .10  gms/cm . A t  the densi ty  

of  t h e  s o l i d ,  n l  i s  l i k e l y  t o  be 1 .10 [Wickramasinghe, 19681 . 
The va lues  of n2 used a r e  shown i n  Table  2 .  According t o  r e -  

cen t  s t u d i e s  [Krishna Swamy 19681 t h e  va lue  of  n2 f o r  H2 may 

r i s e  a s  h igh a s  0 . 0 5  if t h e r e  a r e  t rapped  i m p u r i t i e s  and 

r a d i a t i o n  damage, o therwise  pure H2 i s  a  p e r f e c t  d i e l e c t r i c  

wi th  ze ro  a b s o r p t i v e  index i n  t h e  v i s i b l e  and i t  i s  not  l i k e l y  
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to vary appreciably with X [Wickramasinghe 19681. In the 

absence of other data the same values are chosen for O2 as 

for H2. Even though the precise values of n2 for 02 and H2 

are not known, they are likely to be smaller than those for 

H20 which is a more complex crystalline substance and has 

large absorption in the infrared IWhalley 19691. 

EMISSION OF RADIATION 

The radiation emitted by a black-body is character- 

ized by its temperature alone but for real materials it is 

customary to define a spectral emissivity &(A) as the fraction 

of black-body flux radiated at wavelength A .  Thus 

- 4 
= COT (11) 

where o is the Stefan Boltzmann constant and s is an average 
emissivity. Dependence of emissivity on the radius of the 

particle is neglected in this treatment [Van de Hulst 19571. 

It will be shown that emission plays no significant role for 

H2 and O2 even when is taken as one. For H20, experiments 

show that E is likely to be greater than 0.94 rGriggs 19681, 

so it will be taken to be one. 

PHASE CHANGE 

During Apollo missions, material is released as 

a liquid near its freezing point. However, the evaporation 

rate of the liquid is so high t b t  i n  a very short time enough 

material is evaporated to bring the drop to its freezing 



p o i n t .  Continuing sub l imat ion  causes  no change i n  t h e  

temperature  of t h e  p a r t i c l e  a s  t h e  phase changes. I f  t h e  

i n i t i a l  r a d i u s  of t h e  drop i s  ro  and t h e  l a t e n t  h e a t  of 

f u s i o n  is  Hf t h e n  t h e  r a d i u s ,  r ,  a t  t h e  completion of phase 

change is 

and t h e  t ime t requ i r ed  f o r  t h e  phase change is  

I f  t h e  l a t e n t  h e a t  of f u s i o n  i s  taken  a t  80 cal/gm f o r  ice,  

4 cal/gm f o r  oxygen, and 1 4  cal/gm f o r  hydrogen, t hen  t h e  change 

i n  r a d i u s  i s  always l e s s  than  5 % ,  and t h e  t i m e  r equ i r ed  f o r  t h e  
-2 

phase change is  l e s s  than  10 sec f o r  t h e  l a r g e s t  ( l o o p )  pa r -  

t i c l e .  A s imple  c a l c u l a t i o n  shows t h a t  t h e  t ime r e q u i r e d  f o r  

h e a t  t r a n s f e r  through t h e  drop is  of  t h e  same o r d e r  of magnitude 

s o  t h e  a c t u a l  t ime r equ i r ed  f o r  t h e  phase change may be s l i g h t l y  

l a r g e r .  I t  i s  a l s o  w e l l  known t h a t  s o l i d s  e x i s t  i n  many phases  

having q u i t e  d i f f e r e n t  o p t i c a l  p r o p e r t i e s .  Which of t h e s e  phases  

w i l l  be acqui red  by t h e  f r e e z i n g  p a r t i c l e s  i n  vacuum i s  n o t  c l e a r ,  

hence t h e  most common phases [Kel ley 19351 are assumed he re .  

RESULTS AND CONCLUSIONS 

~ f t e r  t h e  phase change i s  completed, continued sub- 

l ima t ion  and emission reduce t h e  temperature  of t h e  p a r t i c l e  



until an equilibrium is reached with absorption. Figures 3 , 4 ,  

5 are typical energy diagrams for particles near the earth. 

The temperature scale in each diagram is chosen to include the 

range in which 1-100~ solid particles come to equilibrium. Since 

absorption is temperature independent, a drop will quickly reach 

thermal equilibrium where the absorption line crosses the com- 

bined sublimation and emission curves. For example, a 1 0 0 ~  

oxygen particle will reach equilibrium at 40°K (Figure 4). If 

the absorption cross section were only proportional to the area 

then particles of all sizes would reach the same equilibrium 

temperature. Since Mie cross sections are used, drops of 

different sizes will reach different equilibrium temperatures. 

As the drop continues to sublime and change size it will slowly 

ride down the energy curve toward lower temperatures continuously 

assuming the equilibrium temperature appropriate for its size. 

This behavior is clearly seen in Figure 6 for O2 particles of 

different initial size. A very rapid decrease from the phase 

change temperature to the equilibrium temperature is followed by 

a much longer period of near constant temperature. Then as the 

drop size changes the temperature again begins to fall. Water 

and H2 also show this behavior and reach equilibrium in 10 sea 
- 3  

and 10 sec, respectively. 

The energy diagrams also show that for 02 and H2 in 

the size and temperature ranges considered, sublimation is the 

dominant energy remover so the choice of a particle emissivity 

is unimportant. Furthermore, this means that the lifetimes sf 

O2 and H 2  can be computed to the same accuracy as the absorption 

is known. This is not the case for water where small errors in 



the absorption can produce very large errors in the lifetime. 

Figure 7 shows the size history of particles ini- 

tially 1 0 0 ~  in radius. For H2 and 02 the absorption is nearly 

proportional to the radius so the particle radii decrease 

exponentially, For water, however, particle size changes 

very slowly once emission becomes the dominant process for 

energy loss. Table 2 shows the e-folding times* for particles 

both near and far from the earth in the sunlight. It also 

shows the range in e-folding times introduced by uncertainties 

in nz in the IR. 

A more accurate analysis can be attempted when 

experimental data on the index of refraction become avail- 

able, Future studies and measurements may also provide 

estimates of effects due to asphericity of the particles. 

ACB 10ll-RDS-~h R. D. Sharma 

*Time for an e-fold decrease in the radius of the particle. 
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FIGURE 1 - SMITHSON I A N  ASTROPHYS I C A L  OBSERVATORY 
PHOTOGRAPH OF APOLLO 8 CRYOGEN RELEASE. 



ALTITUDE OF PARTICLE " RADIUS OF EARTH 

FIGURE 2 - VIEW FACTORS 



THERMAL RAD IAT ION 

TEMPERATURE (OK) 

FIGURE 3 - ENERGY DIAGRAM FOR H2 IALT. 400 MILES)  



TEMPERATURE (OK) 

FIGURE 4 - ENERGY D I A G R A M  FOR O2 (ALT. 400 MILES) 



TEMPERATURE (OK) 

FIGURE 5 - ENERGY D I A G R A M  FOR H,O (ALT. 400 M I L E S )  
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FIGURE 6 - TEMPERATURE HISTORY OF O2 PARTICLES (ALT. 400 MllESI 



TIME CSECS) 

FIGURE 7 - SIZE  HISTORY OF PARTICLES (ALT. 400 MILES) 



TABLE 1. COEFFICIENTS FOR VAPOR PRESSURE 

* SMALL CORRECTIONS FOR HYDROGEN BELOW 7 ' ~  



TABLE 2. INDEX OF REFRACTION AND e-FOLDING TIMES 
n ( h )  = nlod - i "2A)  

# FOR SUBLIMATION DOMINATED REGION (SEE FIG. 7) 
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